Elimination of rotor position sensors mechanically coupled with the rotor shaft is attractive to variable speed drives primarily due to increased system reliability and cost reduction. In this regard, search for a simple and robust position sensorless control has been intensified in past few years specifically for low-cost, high-volume applications such as home appliances. This paper describes a new parameter insensitive position sensorless control for switched reluctance motor (SRM) drives satisfying such a need in this market segment. Two consecutive switch-on times of the controllable switch in hysteresis current control are compared to estimate the rotor position and speed. The proposed sensorless control algorithm is very simple to implement since it does not depend on extensive computation or any additional hardware. In addition, the proposed method is robust in that its dynamic performance is least affected by system parameter variations. The proposed approach is demonstrated on a single-controllable-switch-converterdriven SRM with two-phases that lends itself to a system with low cost and compact packaging which comes close to the intended applications. Analysis and simulation results followed by experimental verification are presented to demonstrate the feasibility of the proposed sensorless control method.
I. INTRODUCTION
Simple, rugged, and low-cost structure, along with highefficiency and high-reliability features makes the switched reluctance motor (SRM) a viable solution to many variable speed drives applications ranging from high-performance traction to low-cost home appliances [1] . Cost minimization is an important factor in successful realization of a motor drive system, specifically in low-cost, high-volume applications. Several SRM drives [2] - [5] have been proposed in an effort to achieve cost reduction both in machine and converter topologies. Further cost reduction is possible by eliminating the rotor position sensor which requires mounting labor and space, and hence adds to cost and size of the drive system. Various methods for position sensorless estimation and control have been proposed hitherto; however, their selection primarily depends on specific application and operating speed. Most position sensorless techniques in SRMs utilize the SRMs' unique relationship between the flux linkage (or inductance), rotor position, and phase current. Therefore, the key to successful Manuscript received Aug. 31, 2011; revised Dec. 12, 2011 Recommended for publication by Associate Editor Jang-Mok Kim. † Corresponding Author: jaehkim@wku.ac.kr
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The flux-current methods in [6] , [7] estimate flux linkage by open-loop integration with measured terminal signals (voltage and current) and then extracts rotor position from the stored three-dimensional data between flux, current, and rotor position. While this approach is simple and more suitable for high speed, single-pulse operation, it needs a large amount of lookup tables and can have significant estimation errors at low speed, chopping mode operation where the effect of the winding resistance becomes significant. Flux or inductance variation can be obtained directly using sensing coils [8] , [9] , but the extra coils may cause coupling with main power signals and add to the manufacturing cost and effort.
Observer-based methods [10] - [12] utilize model-based estimators to estimate state variables such as flux, speed, or rotor position by real-time computation with measured phase voltage and currents. Although these methods are valid over wide speed range, substantial real-time computation and high sensitivity to parameter variation are their major drawbacks.
Intelligent control such as neural networks and fuzzy logic [13] - [15] provides inherent capability for adaptation of parameter variation and disturbances; however, it requires off-line training and substantial real-time computation.
Inductance based methods exploit the relationship between the phase self (or incremental) inductance and rotor position for each excitation current. The phase inductance can be modeled analytically using the Fourier series and curve-fitting of some off-line measurements for real-time estimation of the rotor position [16] , [17] . The phase inductance can also be estimated by injecting a diagnostic signal into an inactive phase [18] , [19] , but negative torque production and knocking sound by injected current into the sensing phase are among the drawbacks of this method. Current waveform monitoring methods [20] , [21] are based on the idea that the rate of change of current depends on the incremental inductance, which in turn depends on the rotor position. The incremental inductance is calculated using the voltage equation with measured current increment and rise or fall time and then the rotor position is obtained from the stored incremental inductance-current-position data. However, the incremental inductance is bi-valued within half a rotor pole pitch at higher currents, hence loosing oneto-one relationship with the rotor position. In addition, the accuracy of the calculation of the incremental inductance is deteriorated by the effects of winding resistance and back-EMF at higher speed, hence requiring somewhat complicated compensation. Gallegos-Lopez et al. [22] proposed a simple approach to detect the rotor position where a rotor pole and a stator pole begin to overlap by monitoring the rate of change of current using an analog circuit, but not suitable for lowand medium-speed operation.
The fundamental idea of the proposed sensorless control is that the rate of change of current depends on the phase selfinductance, which in turn depends on the rotor position. In this regard, this approach is similar to the methods in [20] and [21] . However, the proposed method requires neither online calculation of the inductance nor mapping of inductanceposition relationship, and hence no off-line measurement or lookup table is necessary. Instead, by comparing two consecutive switching times in a chopping current waveform, proper commutation of the motor as well as the speed estimation can be achieved. Since the inductance-current-position relation is extracted without solving the voltage equation, the proposed method is simple to implement and insensitive to system parameter variations.
II. MOTOR DRIVE SYSTEM AND MODELING

A. Motor and Power Converter
The motor configuration employed in the proposed study is shown in Fig.1 . The motor has eight salient poles (four main and four auxiliary) on the stator and four salient poles on the rotor. While the motor has two phases, they are not identical. The main phase produces the majority of the torque, whereas the auxiliary phase is mainly intended for starting and speed reversal and hence four-quadrant operation is possible. In the current experimental system, only one set of diametrically opposite auxiliary windings are used. Additional information on magnetization and torque characteristics is discussed in [2] . The single-controllable-switch-converter [3] shown in Fig.2 has been chosen to drive the motor. The converter has only one controllable switch and two diodes in total for driving the two-phase SRM, hence making the drive's electronics very compact and inexpensive. The key features and basic operating principles of the converter are:
1) A full-bridge rectifier and capacitor C dc form a dc link to supply energy to main phase. 2) Diode D 2 is optional; hence it can be eliminated to achieve further cost reduction.
3) The main phase is controlled by switch S1, whereas the auxiliary phase is indirectly controlled by capacitor C s voltage and parameters of auxiliary winding (R a , L a ). 4) When S 1 is turned on, the main phase is energized. 5) When S 1 is turned off, current in the main phase flows through D 1 and then either flows to charge Cs or circulates through the auxiliary phase, D 1 , and D 2 . 6) The energy dumped into C s goes in part to excite auxiliary phase and is in part returned to dc link. In this regard, C s can be seen as an energy recovery capacitor as well as a turn-off snubber along with D 1 for S 1 .
B. Derivation of System Equations
Neglecting mutual coupling between the phase windings, the phase voltage equation of an SRM is given by
where v ph , i ph , and R ph are the phase voltage, phase current, and winding resistance, respectively. The phase flux linkage, λ ph = L(θ , i ph )i ph is a nonlinear function of the phase current, i ph and rotor position, θ . Upon examining all the switching states of the switch and diodes of the converter, it is seen that there are five possible modes of operation and they are summarized in Table I . Based on these modes, drive system equations to model the operation of the motor combined with the converter can be derived. The two sets of state equations are derived to describe each mode of operation with respect to the switching states of S1. Note that the dc link and the power devices are assumed to be ideal; hence, the dc link voltage is constant and the device voltage drops are ignored. 1) Switch S1 ON (mode 1, 2):
2) Switch S1 OFF (mode 3, 4, 5)::
V dc is the dc link voltage, R m and R a are the main and auxiliary winding resistances, i m and i a are the main and auxiliary winding currents, and λ m and λ a are the main and auxiliary winding flux linkages, respectively.
The load dynamics of the motor are expressed as
where ω r is the rotor speed, B is the friction coefficient, T L is the load torque, and J is the inertia of the rotor and load, respectively.
III. PROPOSED SENSORLESS CONTROL A. Principle of Position Estimation
The basic principle of the proposed sensorless control is illustrated in Fig. 3 .
In an unsaturated magnetization case, the voltage equation for the main phase winding can be approximated from (1) as
where L m is the angle dependent main phase self-inductance. Assuming the motor is running at a constant speed, voltage equations at two sampling times for any two consecutive switch-on periods can be expressed respectively by
The voltage applied to main winding for each case is the dc bus voltage, i.e. v m (t 1 ) = v m (t 2 ) = V dc . Assuming good current regulation (hysteresis control employed herein), each instantaneous current at t 1 and t 2 is comparable to the reference value, i.e. i m (t 1 ) ≈ i m (t 2 ) ≈ i * , which yields
Assuming a non-saturated linear inductance case, the slope of the main phase inductance profile, dL m (θ )/dt is constant in the motoring region. Therefore, the third terms of both (10) and (11) can be assumed to be the same:
Considering (12) and (13), subtracting (11) from (10) ends up with
From (14), following relationship between the rate of change of current and the phase inductance can be inferred:
: di m /dt decreases as L m increases.
2) Generating region (dL m /dt < 0)
: di m /dt increases as L m increases.
3) Aligned and unaligned regions (dL m /dt = 0)
: di a /dt does not change since L m remains constant.
The rate of change of current for each switch-on time can be calculated by measuring switch-on time (∆T on ) and the current increment (2∆i) within a switch-on period as shown in Fig.3 :
Since ∆i is known from the predefined hysteresis current band which is constant for all switching cycles, (15), (16) , and (17) can be rewritten as
if
Therefore, by comparing switch-on times for two consecutive PWM cycles, the aligned (θ a ) and unaligned (θ u ) positions can be detected. If ∆T n > ∆T n−1 for any two consecutive switching cycles, the rotor is still in the motoring region (positive inductance slope) and hence the main phase should remain energized. If ∆T n ≤ ∆T n−1 , then the rotor has reached the aligned position where commutation of the main phase should be established. Once the aligned position is detected, the unaligned position can be easily determined from the motor geometry (Fig. 1 ) such that they are shifted by 45 • each other. At low speed, the detected aligned position can be used as default turn-off (θ o f f ) angle, and turn-on (θ on ) angle can be adjusted to control dwell period with respect to operating speed and load. Fast sampling in hysteresis control is of importance so that the commutation should be initiated before the rotor enters the generating region significantly.
At high speed, however, turn-off angle needs to be advanced to avoid significant negative torque generation. In this case, the aligned position is first detected by monitoring transition of switch-on time vs. inductance relationship from (21) to (19) , and then the proper turn-off angle can be adjusted based on the operating speed. Among the important advantages of the proposed sensorless method are: 1) Simple digital implementation without substantial computation or extra hardware is possible., 2) No pre-stored data for inductance profile or magnetization curves is required, 3) The voltage equation is not used for position estimation, and hence the accuracy of the estimation is not significantly affected by the effects of winding resistance and back-EMF.
B. Digital Real-time Implementation
A DSP controller has been used to implement the proposed sensorless algorithm as illustrated in Fig. 4 showing the waveforms of gate signal, main phase current, and timer counts. Two timers have been used to calculate the switch-on time and the motor speed and position.
1) Timer 1 : (switch-on time calculation): Timer 1 is a CPU timer to calculate switch-on time. This timer counts by 10MHz clock frequency; hence, the switch-on time at each different switching cycle is calculated using where TC(n) is the total timer count for switch-on time at each different switching cycle. In hysteresis current control, when the main phase current falls below the lower hysteresis band limit, the switch is turned on. As soon as the switch is turned on, Timer 1 starts counting until the switch is turned off when the phase current reaches the upper hysteresis band limit. Total count value of Timer 1 for switch-on time is stored in the register and then Timer 1 is reset to zero for the next switching cycle. The timer begins to count again when the current reaches the lower hysteresis band limit and hence the switch is turned on. As shown in Fig. 4 , the timer count value at each switching cycle, TC(n) is compared with the one at the previous switching cycle, TC(n-1) except for the first switchon time during the initial current buildup. As soon as the controller detects the instant when TC(n) -TC(n-1) 0, the excitation of the main phase is terminated (Excite = 0). The measured time interval is used to calculate the speed and position of the rotor. As shown in Fig. 4 , Timer 2 starts incrementing when the rotor is on the aligned position (Excite = 0) until it reaches its maximum count at the next aligned position. Then, this timer resets to zero and starts counting again. The speed is calculated every time the aligned position is detected:
where TC 90 is total count value of Timer 2 for the interval between the two aligned positions (90 • rotor pole pitch).
Assuming the speed is constant at steady-state, the rotor position, θ within the phase commutation cycle (0 • to 89 • ) can be calculated by
where Timer2 Count is an incremental count value of Timer 2 and the value of TC 90 is inherited from the previous speed calculation.
IV. DRIVE SYSTEM CONTROL
A. Sensorless Starting
The algorithm implemented for starting is similar to the one described in [3] . At standstill, when S 1 is turned on for a preset period of time to induce a large current pulse in the main phase winding. This current, along with the current through the auxiliary phase winding when S 1 is turned off, results in torque production and causes the rotor to move. Note that the number and period of the applied starting pulses are predetermined based on required starting torque. Once the motor starts, the controller executes the sensorless control algorithm. First, the main winding is excited regardless of the rotor position to find the aligned position, and after the aligned position is determined, the controller executes normal commutation of each phase by calculating the rotor position and speed. After the sensorless control algorithm is put into execution, and the motor is driven to the desired speed.
B. Digital Hysteresis Current Control
For inner-loop current control, hysteresis current control has been employed. Among the main advantages of hysteresis current control are simplicity, fast response, and robustness to system parameter perturbation. The dynamic performance is limited only by switching speed and load time constant, which makes hysteresis current control suitable for parameter insensitive sensorless control. However, unknown switching frequency may lead to increased acoustic noise. For digital implementation, fast sampling is necessary in order to minimize the response delay and tracking error and hence to achieve performance comparable to analog implementation. In the considered experimental setup, 250kHz sampling frequency is utilized
C. Main Control Algorithm
The proposed sensorless control has been implemented in a 32-bit 100MHz fixed-point digital processor (DSP) controller and its software implementation is illustrated using flowcharts in Fig. 5 and Fig. 6 . Fig. 5(a) shows a flowchart for the main function of the drive control algorithm. After initialization of DSP, starting and sensorless control are put into execution in sequence. The sensorless control algorithm is executed every PWM interrupt routine as shown in Fig. 5(b) . The PWM routine starts off monitoring the rotor position to determine whether to initiate the excitation of the main winding, followed by the current control loop. Timer 2 counts every time this routine is executed. The current control loop shown in Fig. 6 executes hysteresis control, switch-on time calculation, and speed calculation. When the main winding current goes below the lower hysteresis limit (i * -∆i), the switch is turned on. Timer 1 is reset and starts incrementing. When the main winding current exceeds the upper hysteresis limit (i * +∆i), the switch is turned off and the final count of Timer 1 is stored and compared with the previously stored timer count value for the previous switching cycle. Keep on comparing until TC(n)−TC(n−1) ≤ 0. The rotor is now in the aligned position, where phase excitation should be extinguished immediately (Excite = 0). Then, the rotor speed is calculated from Timer 2's value and then Timer 2 is reset to zero.
To prevent unwanted early termination of excitation due to unfiltered noise or inductance nonlinearity, the excitation is maintained until the rotor reaches the position that is shifted 30 • from the unaligned position. Fig. 7 shows simulation results for the proposed sensorless method implemented on the single-switch-based SRM running at 1800 r/min with 4A current command. Waveforms of the main phase inductance, gate signal for switch S1, main phase current, timer count for switch-on time, and estimated rotor position (electrical degree) are plotted. The timer count for each switch-on time varies with respect to the rotor position such that it increases along with the positive inductance slope but decreases with the negative inductance slope. Hence, the aligned position is detected from the transition of the timer count from incrementing to decrementing count. It can be seen that the timer count correlates with the actual inductance profile and hence with the estimated rotor position. Fig. 8 shows a block diagram of the experimental drive system including the motor, drive electronics, and controller. Drive control and sensorless algorithm is implemented in realtime using a TMS320F2808 DSP controller with 250kHz sampling frequency for the main phase current. The dc link voltage is approximately 155V from the rectified ac main. The power switching devices for the converter are realized with an ultra-fast IGBT and fast-recovery diodes.
V. SIMULATION RESULTS
VI. EXPERIMENTAL RESULTS
The execution of the sensorless starting is shown in Fig.  9 . The large spike in the main phase current indicates the induced current pulse by the applied starting pulse with a preset period of time (1.2ms), which causes the rotor to rotate. The sensorless algorithm is invoked after 165ms to detect the aligned position. The starting may be challenging when the rotor is initially either at aligned position or midpoint between aligned and unaligned positions. In that case, multiple pulses should be applied to ensure the sufficient torque production in both main and auxiliary windings.
Experimental results for sensorless operation at steady-state are shown both in Fig. 10 and Fig. 11. Fig. 10 shows the 10 , it can be seen that phase excitation is correctly achieved in the motoring region and the estimated aligned and unaligned positions are quite comparable to the actual ones detected by the hall sensors. The current spike at the beginning of excitation around the unaligned position is due to regenerative energy from the auxiliary winding.
VII. CONCLUSIONS
A new parameter insensitive sensorless control is proposed and experimentally demonstrated using the single-controllableswitch-based SRM drive. The key conclusions of this paper are:
1) The proposed scheme is very simple to implement requiring measurement of only phase current and minimal computation, and does not need any pre-stored lookup table or extra hardware, which makes this scheme inherently suitable for low cost deployment.
2) The method is robust to the presence of system parameter variations since it does not employ an analytical inductance model or a model-based estimator which is sensitive to the estimation of the motor parameters. 3) Although the method is implemented using a two-phase SRM with the single switch converter, it can also be implemented with any multi-phase SRM with the conventional asymmetric converter. 4) It does not limit low speed operation which is quite challenging in many flux or back-EMF based methods. 5) It is inherently suitable for current controlled operation rather than single-pulse operation where chopping is not possible. 6) The drive system has only one controllable switch and two diodes in total for driving the two-phase SRM, hence making it very compact and inexpensive. The considered SRM drive in conjunction with the proposed sensorless scheme can offer an attractive solution for brushless variable speed drives in low-cost, high-volume applications such as home appliances.
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